Although ultrafast manipulation of magnetism holds great promise for new physical phenomena and applications, targeting specific states is held back by our limited understanding of how magnetic correlations evolve on ultrafast timescales [1] [2] [3] [4] [5] [6] . Using ultrafast resonant x-ray scattering techniques [7] [8] [9] , we elucidate the evolution of transient magnetic correlations in the gapped antiferromagnet Sr 3 Ir 2 O 7 . We show that transient magnetic fluctuations are trapped throughout the entire Brillouin zone, opposite to the behavior in a nearly gapless material [7] . The result is interpreted in a spin-bottleneck scenario, in which the full recovery of magnetism is delayed by the existence of a large magnon gap. Our results suggest that materials featuring isotropic magnetic interactions are preferred to achieve rapid manipulation of magnetic order.
Although ultrafast manipulation of magnetism holds great promise for new physical phenomena and applications, targeting specific states is held back by our limited understanding of how magnetic correlations evolve on ultrafast timescales [1] [2] [3] [4] [5] [6] . Using ultrafast resonant x-ray scattering techniques [7] [8] [9] , we elucidate the evolution of transient magnetic correlations in the gapped antiferromagnet Sr 3 Ir 2 O 7 . We show that transient magnetic fluctuations are trapped throughout the entire Brillouin zone, opposite to the behavior in a nearly gapless material [7] . The result is interpreted in a spin-bottleneck scenario, in which the full recovery of magnetism is delayed by the existence of a large magnon gap. Our results suggest that materials featuring isotropic magnetic interactions are preferred to achieve rapid manipulation of magnetic order.
Ultrashort laser pulses are a powerful emerging tool to modify materials, generating new non-equilibrium states [1] [2] [3] [4] [5] [6] . Particularly interesting are photo-excited magnetic states as, in equilibrium, these fluctuations are central to many phenomena including unconventional superconductivity, charge-stripe correlations and quantum spin liquids [10] [11] [12] . Thus, exploring transient magnetism holds great promise for progress in our understanding of electronic quantum phases and their technological applications. In particular, it is known that magnetism is suppressed by photo-doping, but it is unclear which magnons are excited in the transient state and how they evolve in time. This is because experimental tools for microscopically probing ultrafast magnetic dynamics are still in their infancy [6, 7, 13] .
The extended nature of the 5d orbitals in the family of layered iridates Sr n+1 Ir n O 3n+1 facilitates multifarious magnetic interactions [14] [15] [16] [17] , creating a rich playground to study transient magnetism [7, [18] [19] [20] . The series' electronic configuration is defined by the five iridium valence electrons, residing in a crystal-field-split t 2g orbital manifold. The ground state is further split by strong spinorbit coupling and moderate Coulomb interactions, establishing a filled J eff = 3/2 and half-filled J eff = 1/2 Mott state (see Fig. 1a ) with mixed spin and orbital degrees of freedom. Magnetism arises predominantly from the combination of Heisenberg-like interactions within the iridium layers and an anisotropic exchange Γ perpen-dicular to the tetragonal plane (see also Supplementary Information) [14, 16, 17] . The substantial anisotropy in Sr 3 Ir 2 O 7 leads to collinear magnetic long-range order, revealing a large magnon gap of ∼100 meV and moderate dispersion of ∼50 meV [14, 17, [21] [22] [23] .
FIG. 1. Energy diagram and time-resolved resonant scattering setup. a, Electronic configuration of Srn+1IrnO3n+1 featuring a filled J eff = 3/2 and half-filled J eff = 1/2 state that are denoted as lower (LHB) and upper Hubbard bands (UHB). The transient magnetic state was prepared via photo-excitation of a 2 µm (620 meV) optical laser pump (shown in yellow), promoting electrons over the insulating band gap. Magnetic exchange in Sr3Ir2O7 is strongly anisotropic, as quantified by Γ, locking the spins in place against the destabilizing effect of the pump. b, The transient response was studied using ultrashort x-ray pulses (shown in blue) that were generated by a free-electron laser. Magnetic long-range order was measured via tr-REXS. An analyser after the sample position allows investigating inelastic electronic processes, which was studied in a separate experiment and is called tr-RIXS.
Here we report on the ultrafast magnetic behavior of Sr 3 Ir 2 O 7 , clarifying the nature of transient magnetism in gapped antiferromagnets. An optical laser pulse of 2 µm (620 meV) promotes electrons over the insulating band gap (see Fig. 1a ). This effectively destroys the spin network creating a transient state with suppressed magnetism.
The ultrafast response of magnetic long-range order was determined at T ≈ 110 K T N = 285 K, using time-resolved resonant elastic x-ray scattering (tr-REXS) at the Ir L 3 edge (see Fig. 1b and Methods). Figure 2a shows the (-3.5, 1.5, 18) magnetic Bragg signal on the area detector before and around 1 ps after the arrival of the laser pulse. The time evolution of the depleted magnetic Bragg peak intensity is shown in the upper panel of Fig. 2b . Immediately after the optical pump (t = 0) magnetism is reduced by 50-75% for laser fluences between 5.2 and 32.2 mJ/cm 2 . This occurs faster than our time resolution of 0.15 ps. A significant fraction of the magnetic signal is recovered within the first picoseconds, but a slower process is superimposed preventing the full restoration of the original magnetic state. As a result, the reduced magnetic peak intensity stays roughly constant in the range between 5 and 500 ps without noticeable recovery. Furthermore, it is noted that a faint oscillatory behavior appears ∼50 ps after laser impact for fluences larger than 14.2 mJ/cm 2 . This feature is a typical signature of a strain wave that is propagating through the crystal and subsequently reflected at the sample boundary [24] [25] [26] .
The time evolution of the transient magnetic longrange order is described by the minimal phenomenological model
where A quantifies a prompt, step-like decay at t = 0, which recovers on a timescale τ mag , and C is the fraction of the order that has not been restored in 500 ps. The strain wave features an amplitude D, decay time τ wave and oscillation frequency ω. The measured magnetic Bragg peak intensity is modeled by convolving I(t) with a Gaussian function in order to account for the finite time resolution of the experiment.
The lower panel of Fig. 2b displays the best fit to the normalized intensity at 14.2 mJ/cm 2 (see also Methods). The fluence dependence of τ mag and C is displayed in Fig. 2c , and the behavior of the other variables is summarized in the Supplementary Information. The fast timescale τ mag = 1.3(3) ps is fluence independent and we find C > 0 for all fluences. This is different than in nearly gapless Sr 2 IrO 4 -a related material where at fluences leading to a similar fast recovery of the magnetic volume fraction, the onset of a slow magnetic recovery is observed around 100 ps (see lower panel of Fig 2b) [7] . The different behaviors are likely to arise from their distinct magnetic interactions and resulting magnon dispersions. A phonon-assisted energy transfer from excited (pseudo-)spins into the lattice degrees of freedom, for instance, is expected to be reduced in large gap antiferromagnets, yielding a much slower magnetic recovery when compared to nearly gapless materials. This leads us to study the microscopic behavior of transient electronic short-range correlations in Sr 3 Ir 2 O 7 . elastic x-ray scattering (tr-RIXS) energy-loss spectra of Sr 3 Ir 2 O 7 measured at (π, π) and (π, 0), corresponding to the minimum and maximum of the gapped spin-wave dispersion (cf. Fig. 5b and Methods for details). The blue data points correspond to RIXS spectra in the equilibrium state, revealing an elastic line, a collective magnon at ∼100 and 150 meV for (π, π) and (π, 0), respectively, a multi-magnon excitation at ∼250 meV and an orbital excitation at 680 meV [17, [21] [22] [23] . The data are overplotted with energy-loss spectra in a transient state that has been prepared with a 20 mJ/cm 2 laser pulse. At both reciprocal lattice positions, we observe significant changes at t > 0 that were recorded up to 5 ps. This is seen most clearly in the difference spectra shown in Figs. 3c and d, evincing that the magnon and orbital excitations are altered upon photo-doping at both, (π, π) and (π, 0).
Further insight into the transient short-range correlations is gained from a quantitative analysis of the excitation spectra. A sum of four Gaussian-shaped peaks was used to represent the energy-loss data in Figs. 3a and b (see dotted lines in figure and the Methods section for further information). The fit shows that the magnon and orbital amplitudes are suppressed in the transient state and that their width is enlarged (see Fig. 4a and b). Notably, at the magnetic wavevector the fitting parameters are most strongly modified at 0.5 ps and recover only partially within 5 ps, which is in line with the incomplete recovery of magnetic long-range order (see Fig.  2 ).
The 2 µm optical laser pump promotes electrons over the insulating gap, ultimately affecting the magnetic properties of the material throughout the entire Brillouin zone. The orbital excitation around 680 meV corresponds to exciting electrons from the J eff = 3/2 into the J eff = 1/2 state (see Fig. 1a ) [17, 22, 23] , and its cross section is dependent on their respective charge occupations. The intensity would, for instance, decrease if fewer than four electrons per Ir side reside in the J eff = 3/2 orbital ground state, and increase if the J eff = 1/2 state was empty. The transient depletion of the excitation thus provides direct evidence that not only J eff = 1/2 but also 3/2 electrons are pumped over the insulating band gap, and that some of the J eff = 3/2 carriers do not decay into their orbital ground state within 5 ps. This further supports a picture in which the electronic subsystem remains in a transient state for long time delays.
The time evolution of the RIXS provides information on the ultrafast collective (pseudo-)spin behavior. In equilibrium, magnetic long-range order ensures the existence of well-defined spin-waves. Upon photo-excitation, broader peaks are observed. This can be conceptualized as a redistribution of magnons out of the modes populated in equilibrium, into a range of transient magnons around the original mode. Our data clearly show that transient magnons in Sr 3 Ir 2 O 7 not only survive beyond τ mag , the time required to partially recover magnetic order, but that they are trapped over an extended area in reciprocal space. This is evinced by the similarity in the time evolution at the minimum and maximum of the dispersion relation (see Figure 4 ). The experimental result is strikingly different from the behavior in materials hosting a gapless excitation spectrum. In isotropic Heisenberg-like Sr 2 IrO 4 (see Fig. 5a ), for instance, the transient magnon decay is found to be directly correlated with the timescale of long-range order at (π, π), but is much faster at (π, 0) [7] .
Photo-excited magnons decay into lower-energy excitations via processes that respect momentum and energy conservation. As a result, high-energy spin waves decay into lower-energy multiple-particle excitations following the dispersion relation -which, in lowest approximation, is similar to the one of the unperturbed state. While at higher energies this transfer is dominated by ultrafast electron-electron interactions, a coupling to other subsystems becomes unavoidable for the transient magnon decay around the minimum of the dispersion relation. In equilibrium, Sr 2 IrO 4 features a steep magnon dispersion ranging from 200 meV at (π, 0) to 0.6(1) meV at (π, π) [16, 27] , establishing a well-defined decay channel down to low energies at (π, π) (see Fig. 5a ). Thus, spin waves at high energy face multiple possibilities to disintegrate, but the options become increasingly limited around the minimum of the Goldstone-like mode. This gives a natu-ral explanation of why ultrafast magnons were observed only at (π, π), but not at (π, 0) [7] . Furthermore, the small spin-wave gap enables an efficient energy transfer into the lattice subsystem via low-energy phonons, restoring the equilibrium configuration.
Néel order in Sr 2 IrO 4 is unstable if one considers only a single Ir-layer, but stabilized by a very small inter-layer c-axis coupling amplified by a divergence in the in-plane magnetic correlation length within the Ir-layers (see Supplementary Information). In fact, it is this anisotropy that leads to two different recovery time constants after laser excitation (see lower panel of Frig. 2b) [7] . In strong contrast, bi-layer materials such as Sr 3 Ir 2 O 7 order magnetically without necessarily invoking coupling between different bi-layers. Although the bi-layer system features far stronger anisotropy and intra-bilayer coupling, this is offset by the spin gap impeding the growth of the in-plane magnetic correlation proceeding the transition. Empirically, Sr 3 Ir 2 O 7 and Sr 2 IrO 4 feature comparable Néel temperatures (240 and 285 K, respectively) despite the spinwave gap of the former material being roughly 150 times larger (see Fig. 5 ) [16, 17, 27] . Thus, no pronounced decay channel is present in Sr 3 Ir 2 O 7 , which inherently limits the decay of transient magnons along a particular wavevector. Furthermore, phonon-assisted energy transfer processes are strongly reduced by the large spin gap, leading to long-lived magnons that are trapped over a large reciprocal space area. In fact, a description of the suppression of magnetism beyond 500 ps will likely require theoretical approaches that include diffusive effects out of the illuminated sample volume. The partial recovery of magnetic long-range order at shorter timescales may arise from two mechanisms. The time constant τ mag = 1.3(3) ps is close to the charge timescale that has been reported previously via ultrafast reflectivity measurements [28] . This may attest a link between charge and magnetic degrees of freedom, which is also supported by the wavevector-independent suppression of the orbital excitation below 2 ps (see Fig. 4b ).
In Mott materials the (pseudo-)spin configuration is directly related to the charge distribution on the atomic sites, whose recovery reinstates the original one spin/site population. Thus, it is conceivable to attribute the partial recovery of magnetic order in Sr 3 Ir 2 O 7 to its Mott nature. Alternatively, τ mag may originate from a redistribution of transient magnons within the Brillouin zone, pointing towards a scenario in which the laser pump gen-erates an excess of magnons at the magnetic wavevector. In fact, the results shown in Fig. 4a suggest a suppression of spin waves at (π, π), which is absent at (π, 0).
In summary, we studied the time evolution of magnetic properties in the gapped antiferromagnet Sr 3 Ir 2 O 7 after excitation with a 2 µm opitcal laser pump. We find a prompt (< 0.15 ps) depletion of magnetic longrange order which is followed by a partial recovery following a constant τ mag = 1.3(3) ps. This process may be associated to the time required to restore the original spin network, and/or a rapid redistribution of magnons within the Brillouin zone. An additional slower recovery process is found to be beyond 500 ps, signifying the energy transfer into the lattice degrees of freedom. We observe that transient transverse magnetic short-range correlations are present for times far beyond τ mag , affecting both extremes of the magnetic dispersion in momentum space. This shows the presence of trapped spin-waves that are likely to be present throughout the Brillouin zone, demonstrating an incoherent response of transient magnetism. The differences with previous observations on Heisenberg-like Sr 2 IrO 4 are interpreted in the context of a spin-bottleneck effect. In Sr 2 IrO 4 , there is a steep dispersion from high energy magnons at the magnetic zone boundary, into low-energy magnons at (π, π), which allows for a highly efficient magnon decay. In contrast, the large magnon gap and moderate dispersion of Sr 3 Ir 2 O 7 leads to transient spin waves that are trapped in the entire Brillouin zone. Thus, our results emphasize the need to include contributions like anisotropic magnetic exchange interactions alongside electron-phonon couplings and energy transfer out of the illuminated sample volume in theoretical approaches that model transient magnetic states. These efforts will be vital to progress in the understanding of the ultrafast dynamics in quantum materials, including cases where complex competitions of macroscopic quantum phases appear via photo-doping.
METHODS
Sample preparation and characterization. All measurements were performed on Sr 3 Ir 2 O 7 single crystals that were grown with a flux method as described in Ref. [29] , and references therein. The high quality of the crystals were confirmed via Laue and single crystal diffraction, revealing a tetragonal space group with a = 3.896Å and c = 20.88Å at room temperature.
All experiments were conducted on the same sample with crystal orientations [1, 0, 0] and [0, 0, 1], or [1, 1, 0] and [0, 0, 1] in the scattering plane for tr-REXS or tr-RIXS experiments, respectively. In both cases, a horizontal scattering geometry was used and the sample was cooled to T ≈ 110 K via nitrogen cryostreams.
Optical laser pump. 100 fs long pump pulses of 620 meV (2 µm) were generated by an optical parametric amplifier similar to previous ultrafast experiments on Sr 2 IrO 4 [7] . The angle between the incident x-ray and infrared pulses was 20 • .
Time-resolved resonant elastic scattering (tr-REXS). The ultrafast recovery of magnetic long-range order was studied at the beamline 3 of the SPring-8 Angstrom Compact free-electron LAser (SACLA) featuring a repetition rate of 30 Hz [30, 31] . The x-ray energy was tuned to the Ir L 3 -edge at 11.215 keV, and refined via a resonant energy scan of the (-3.5, 1.5, 18) magnetic Bragg peak. The reflection was detected at 2θ = 92.2 • using a multi-port charged coupled device (MPCCD) area detector (0.0086 r.l.u/pixel) [32] . The Bragg condition was established by rotating the sample surface normal ∆χ = 21.2 • out of the scattering plane. The x-rays were focused to a spot size of 20 µm full-width at half-maximum (FWHM) and hit the sample at a grazing angle of ∼1.6 • to optimize spatial overlap with the laser, possessing a spot size of ∼230 µm FWHM at normal incidence. The detector was read out shot-by-shot and thresholded to reduce background arising from x-ray fluoresence and electrical noise. Two-dimensional detector images were integrated around the position where the Bragg peak was observed. Each data point contains statistics from 300-600 shots. The 300 fs jitter of the free electron laser was corrected with a GaAs timing tool for delays t < 7 ps, yielding an effective time resolution of 0.15 ps at FWHM [33] .
The upper panel of Fig. 2b reports the magnetic Bragg peak ratio I on /I off , where I on denotes the intensity after laser excitation and I off when the laser was switched off. It is noted that even for strong fluences some remnant magnetic signal is observed for t > 0, suggesting some experimental mismatch between pumped laser and probed x-ray volumes (see also Supplementary Information). This was omitted in the lower panel of Fig. 2b , by normalizing to the maximal depleted magnetic volume fraction. We further mention that the initial decay of magnetic long-range order was found to be much faster than the time resolution, and was thus approximated as an instantaneous step function in Eq. 1. Robust fits of experimental results were obtained by constraining the amplitude of the strain wave to D = 0.5. The frequency of the strain wave at 23.3 mJ/cm 2 was fixed to 0.03 rad/s (the mean value of all other conditions) to further stabilize the fit. All other parameters were varied freely and are shown in the Supplementary Information.
Time-resolved resonant inelastic scattering (tr-RIXS). The ultrafast recovery of magnetic short-range correlations was studied at the X-ray Pump Probe (XPP) instrument of the Linac Coherent Light Source (LCLS) running at a repetition rate of 120 Hz [34] . The data at (π, π) and (π, 0) correspond to measurements at (-3.5, 0.5, 20) and (-3.5, 0, 19.6) with 2θ = 93.7 and 91.8 • . The x-rays were focused to a spot size of 50 µm FWHM and a grazing incident geometry of 3.7 and 2.1 • was used for the two reciprocal lattice positions. The laser spot size equaled 845 µm FWHM at normal incidence and the fluence was fixed to 20 mJ/cm 2 . The same RIXS spectrometer as in Ref. [7] was used, delivering an energy resolution of ∼70 meV with an angular acceptance of 6 • (0.032Å −1 ) on the analyser. The hybrid pixel area detector ePix100a was read out every 1800 shots [35] . The time-resolution of the experiment arising from a combined jitter and beam drift effect was limited to ∼0.4 ps. RIXS spectra were collected in a stationary mode of 144000 shots each. Two to six acquisitions were taken for each time delay. The data presented in Fig. 2a and b were normalized to an incident beam intensity monitor and calibrated to the energy of the orbital excitation at 680 meV [17, [21] [22] [23] . The center of the elastic line and its width were fixed in the analysis to 0 meV and the experimental resolution, respectively. Robust fits were obtained by further constraining the energy of the multi-magnon excitation to 260 meV and its amplitude to the mean values of 2.02 and 1.44 for (π, π) and (π, 0), respectively. All other parameters were varied freely, and shown in the Supplementary Information. The blue color denotes a scan that was taken before, and the red dataset ∼2.5 ps after the arrival of a 32.2 mJ/cm 2 strong laser pulse. Only a suppression of the Bragg peak is observed.
SUPPLEMENTARY TIME-RESOLVED RESONANT INELASTIC X-RAY SCATTERING RESULTS
The time-resolved resonant inelastic x-ray scattering (tr-RIXS) spectra in Fig. 3a and b of the main manuscript reveal an elastic line, a collective magnon at ∼100 and 150 meV for (π, π) and (π, 0), respectively, a multi-magnon excitation at ∼250 meV and an orbital excitation at 680 meV. A sum of four Gaussian-shaped peaks was used to represent the energy-loss data. The center of the elastic line and its width were fixed in the analysis to 0 meV and the experimental resolution of 70 meV, respectively. Robust fits were obtained by further constraining the energy of the multi-magnon excitation to 260 meV and its amplitude to the mean free value of 2.02 and 1.44 for (π, π) and (π, 0), respectively. All other parameters were varied freely. Figure S2 shows the relative time dependence of the integrated magnon, I mag , and orbital, I dd , intensity, the magnon and orbital position, E mag and E dd , the amplitude of the elastic line, A el , and the width of the multi-magnon Γ Bi-mag . Significant changes are observed only in the amplitude and width of the magnon and orbital excitation that are discussed in the main manuscript. (2) Here, n = (n x , n y ) are vectors to sites within the IrO 2 layers and l is the layer index, defining S n,l as the spin operator at site n of layer l. n, m , n, m and n, m denote first, second and third nearest neighbors in the tetragonal plane and J, J 2 and J 3 are the corresponding isotropic interaction constants.
In cases where the spins are aligned in the tetragonal plane, the nearest-neighbor interactions in Eq. 2 can be mapped onto an effective isotropic exchange Hamiltonian with interlayer coupling as [1] :
S n,l is the rotated spin operator andJ = √ J 2 + D 2 . Since the transition temperature in the case of J J c is dominated by the spin-wave velocity, we have neglected the second and third nearest neighbor couplings here. T N is defined as the temperature for which the expectation value S x n (calculated with linear spin-wave theory) vanishes. For T N J/2 the Néel temperature is given by [2] T N = πJ
So if the interlayer coupling in Sr 2 IrO 4 could be switched off, it would be predicted not to display magnetic order at any finite temperature. UsingJ = 50 meV to match a spin-wave energy of 200 meV at (π, 0), we can reproduce the experimentally observed T N = 285 K by assuming an interlayer coupling of 1.1 µeV. T N = 384.2 K is obtained when using the previously reported value J c = 15.9 µeV [1] . As c-axis couplings gain particular importance in Sr 3 Ir 2 O 7 the Hamiltonian of Eq. 2 needs to be extended to H 327 = n, m ,l J S n,l S m,l + ΓS z n,l S z m,l + n, m ,l D(−1) nx+ny+l (S x n,l S y m,l − S y n,l S x m,l ) n J c S n,1 S n,2 + Γ c S z n,1 S z n,2 + n D c (−1) nx+ny (S x n,1 S y n,2 − S y n,1 S x n,2 )
with the additional terms Γ c and D c , which couple the planes within a bilayer. This model neglects coupling between the bilayers. The Néel temperature of a collinear antiferromagnetic spin alignment is found from the numerical solution of S z n,l = 0 with S z n,1 = 1 − 1 16π 2
E ± ( q) = B 2 q,± − |C q,± | 2 define the two magnon branches with 
